There has been increasing interest in the lateral habenula (LHb) given its potent regulatory role in many aversionrelated behaviors. Interestingly, ethanol can be rewarding as well as aversive; we therefore investigated whether ethanol exposure alters pacemaker firing or glutamate receptor signaling in LHb neurons in vitro and also whether LHb activity in vivo might contribute to the acquisition of conditioned place aversion to ethanol. Surprisingly, in epithalamic slices, low doses of ethanol (1.4 mM) strongly accelerated LHb neuron firing (by~60%), and ethanol's effects were much reduced by blocking glutamate receptors. Ethanol increased presynaptic glutamate release, and about half of this effect was mediated by dopamine subtype 1 receptors (D1Rs) and cyclic adenosine monophosphate (cAMP)-dependent signaling pathways. In agreement with these findings, c-Fos immunoreactivity in LHb regions was enhanced after a single administration of a low dose of ethanol (0.25 g/kg i.p.). Importantly, the same dose of ethanol in vivo also produced strong conditioned place aversion, and this was prevented by inhibiting D1Rs or neuronal activity within the LHb. By contrast, a higher dose (2 g/kg) led to ethanol conditioned place preference, which was enhanced by inhibiting neuronal activity or D1Rs within the LHb and suppressed by infusing aminomethylphosphonic acid or the D1R agonist SKF38393 within the LHb. Our in vitro and in vivo observations show, for the first time, that ethanol increases LHb excitation, mediated by D1R and glutamate receptors, and may underlie a LHb aversive signal that contributes to ethanol-related aversion.
INTRODUCTION
Like many addictive drugs, ethanol has both rewarding and aversive effects, which modulate drug seeking and addiction (Koob and Le Moal, 2008; Verendeev and Riley, 2013 ). Ethanol's rewarding property may be associated with its ability to increase the firing of dopamine (DA) neurons in the ventral tegmental area (VTA) and cause DA release in target areas such as the nucleus accumbens (Tupala and Tiihonen, 2004) , although ethanol activates many signaling systems within diverse brain regions that could also contribute to its rewarding effects (Koob 2013) .
The mechanisms that mediate ethanol-related aversion remain much less clear. Recently, the lateral habenula (LHb) has emerged as a key brain region for regulating aversion-related behavior (Root et al. 2014) . LHb neurons are activated by aversive events, including stress, disappointment, fear or anticipation of a negative reward (Lecca et al. 2014; Shabel et al. 2014a) . LHb neurons receive glutamatergic afferents from various structures (Lecca et al. 2014; Meye et al. 2013) , which include lateral hypothalamus (Meye et al. 2013) , basal ganglia (Shabel et al. 2014b) , and VTA (Root et al. 2014) , and send outputs to several structures. Recent work has focused on LHb activation of GABAergic cells in the rostromedial tegmental nucleus, which in turn inhibit a subpopulation of midbrain DA neurons (Jhou et al. 2009a; Jhou et al. 2009b) , a pathway that is a central mediator of aversive conditioning (Lammel et al. 2012; Stamatakis and Stuber 2012) . Thus, the LHb might contribute importantly to the aversive effects of ethanol, and recent evidence shows that LHb lesions increase ethanol self-administration and block ethanol-induced conditional taste aversion (Haack et al. 2014) . However, the cellular and molecular mechanisms through which the LHb might contribute to the aversive effects of ethanol remain largely unknown.
We hypothesized that LHb activation by ethanol contributes to its aversive properties, and tested this idea in experiments on rats, by combining electrophysiological, pharmacological, immunocytochemical and behavioral methods. We provide here the first evidence that ethanol strongly enhances spike firing and synaptic activity in LHb in vitro, by an action mediated in part by glutamate receptors, D1-type dopamine receptors (D1Rs) and cAMP-dependent pathways. Importantly, our findings suggest that the mechanisms we identified in vitro also regulate ethanol-induced conditioned place aversion (CPA) and preference (CPP).
MATERIALS AND METHODS

Animals
All procedures were in accordance with National Institutes of Health guidelines and with the approval of the Animal Care and Utilization Committee of Rutgers, the State University of New Jersey, New Jersey Medical School. To minimize the number of animals used, we made electrical recordings from 270 juvenile Sprague-Dawley (SD, PN20-30) rats of either sex, as well as 30 adolescent males (PN35-45) and 30 adult males (PN90-110). Data from juvenile males and females did not differ significantly and were pooled. Male SD rats (180-300 g) were used for c-Fos immunohistochemistry (n = 20) and behavior (n = 190) . Rats were housed with a standard 12-h light/12-h dark cycle with ad libitum food and water.
Brain slice preparation and electrophysiology
Coronal epithalamic slices (250 μm) were cut in ice-cold glycerol-based artificial cerebrospinal fluid containing (in millimolar) the following: 252 glycerol, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 25 NaHCO 3 , 1 L-ascorbate and 11 glucose, and saturated with 95% O 2 /5%CO 2 (carbogen) (Ye et al. 2006) . Slices were then incubated >1 hour at 24-25°C in carbogenated artificial cerebrospinal fluid (aCSF) of similar composition as glycerolbased artificial cerebrospinal fluid, but with 126-mM NaCl replacing glycerol. Experiments were performed at 33°C, with aCSF perfused at 1.5-2 ml/min. Electrophysiological recordings (from~350 LHb neurons) were performed as described (Zuo et al. 2013) . Because LHb neurons have heterogeneous morphological but similar physiological properties (Weiss and Veh 2011) , recordings were performed throughout the entire LHb. Patch pipettes (6-8 MΩ) were filled with internal solutions containing (in millimolar) 140 cesium methanesulfonate, 5 KCl, 2 MgCl 2 , 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2 MgATP and 0.2 Guanosine-5'-triphosphate (GTP) for recordings under voltage clamp and 140 potassium gluconate, 5KCl, 2 MgCl 2 , 10 HEPES, 2 MgATP and 0.2 GTP for current clamp. Spontaneous firing was recorded by the loose-patch cell-attached technique, allowing long-lasting recordings without perturbing the cytoplasmic contents, and in whole-cell mode to measure membrane potential and input resistance. DA neurons in the posterior VTA were identified as previously described (Guan et al. 2012) .
Immunohistochemistry
One hour after systemic administration of saline or ethanol, rats were perfused, and sections were prepared and immunostained for c-Fos, as previously described (Li et al. 2011c) , with the following differences: For secondary antibody treatment, sections were incubated in biotinylated goat antirabbit IgG secondary antibody (1:400, Vector Laboratories, Burlingame, CA, USA) diluted in 0.3% (v/v) Triton X-100 in 0.1-M phosphate buffered saline for 2 hours at room temperature, then treated with avidin-biotin-peroxidase complex (1:400, Vectastain ABC Elite, Vector Laboratories) and visualized with nickel-intensified diaminobenzidine [0.02% (w/v) 3,30-diaminobenzidine, 2.5% (w/v) nickel ammonium sulfate and 0.000083% (v/v) H 2 O 2 , in 0.175-M sodium acetate]. The reaction was halted with 0.175-M sodium acetate.
Histological analysis
We counted c-Fos + nuclei bilaterally in the entire LHb, between À3.0 and À4.5 mm from the bregma, analyzing a 40-μm section every 120 μm. Blind counting was performed under a Nikon Eclipse 90i microscope with the NIS Elements BR 3.0 software (Micron Optics, Atlanta, GA, USA). Data are expressed as positive nuclei per square millimeter.
Implantation of cannulae
Stereotaxic surgery was performed on adult rats as in the work of Li et al. (2011c) . Bilateral guide cannulae (FIT 5MM C232G-1.5W-1MM PROJ, 28 gauge; Plastics One, Roanoke, VA, USA) were inserted dorsally to the LHb (3.8 mm posterior to bregma, 0.75 mm lateral to the midline, depth of 5.2 mm from the surface of the skull). Histological verification was carried out as described (Li et al. 2011c) . Data obtained at injection sites outside the LHb were excluded from further analysis.
Conditioning place preference experiments
Apparatus
The CPP apparatus (homemade) consisted of a rectangular cage with a left (net) and right (grid) chamber (each 50 L × 40 W × 30 H, in centimeter) and an interconnecting area (20 L × 40 W × 30 H, in centimeter); guillotine doors separated the chambers from the connecting area. The chambers were illuminated by a 40-W light. The two chambers differed by wall pattern (black and white vertical or horizontal stripes) and floor type (net versus grid). The rat's location, defined by the position of its two front paws, was monitored with a video camera situated above the cage.
Experimental procedure and treatment
Rats were allowed 7-10 days after surgery before place conditioning. During this period, rats were brought to the experimental room and handled for 5 min each day. The CPP experiment, lasting 6 consecutive days, had three distinct phases: pre-conditioning, conditioning and post-conditioning.
Pre-conditioning
On day 1, a rat was placed in the connecting area with the guillotine doors removed to allow access to the entire apparatus for 15 min. Most rats spent roughly equal time in the two compartments (net = 307.1 ± 10.7 s, grid = 322.8 ± 11.2 s, n = 168), indicating no unconditioned baseline preference for either chamber and supporting our unbiased method. However, 22 rats showing strong initial preference for one chamber (>75% time) were excluded from the analysis to avoid an initial bias or 'ceiling' or 'floor' effects.
Conditioning
Starting 1 day after the pre-conditioning phase, conditioning took place on days 2-5. This consisted of 4 days with one 15-minute saline and one 15-minute ethanol pairing per day, with a 6-8-hour interval between the saline and ethanol pairing. Ethanol was paired with one compartment and saline with the other (left or right, randomly chosen), with an ethanol or saline injection immediately before confinement in one of the two chambers. The connecting area was not accessible during conditioning and was blocked by guillotine doors.
Post-conditioning test day
On day 6, 24 hours after the last conditioning, guillotine doors were kept open, and the time spent in each chamber was recorded during 15 minutes. The preference score was defined as the difference (in seconds) between the time spent in the drug-paired chamber on the test day (i.e., drug-free state) and the time spent in this the same chamber during the pre-conditioning (Pascual et al. 2012) . Positive scores indicate preference for the drug-paired side and negative scores an aversion to the drug-paired side.
Intra-lateral habenula microinjections of drugs
Drugs were bilaterally (150 nl/side) administered into the LHb as described earlier (Li et al. 2011c ): The injector extended 1.0 mm beyond the guide cannulae tip, infusion lasted 120 seconds and injectors were left in place for additional 60 seconds to allow for diffusion. A given compound was infused into the LHb twice per day, 10 min before injecting ethanol or saline (i.p.) on the conditioning days (d2-5). The compounds include the following: 5 μg/side of the glutamate receptor agonist aminomethylphosphonic acid (AMPA), 2 μg/side of the D1R agonist SKF38393, 15 μg/side of the sodium channel blocker lidocaine or 0.25 μg/side of D1R antagonist SCH23390. A limitation of the CPP study is that a high number of bilateral intracranial injections (four infusions of a particular compound and four aCSF) were infused per rat.
Drugs
Most reagents were from Sigma (St Louis, MO, USA): cadmium chloride (CdCl 2 ), 6,7-dinitroquinoxaline-2,3-dione (DNQX), DL-2-amino-5-phosphono-valeric acid, AMPA, tetrodotoxin (TTX), forskolin, lidocaine, strychnine, SKF38393, SCH23390, gabazine and Rp-cAMP. Ethanol, stored in a glass bottle, was from Pharmco Products (Brookfield, CT, USA). A Protein kinase A inhibitor, PKI-5-24 was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Data analysis and statistics
All data are expressed as means ± standard error of mean. To calculate the percent change in excitatory postsynaptic current (EPSC) or firing frequency for a given cell, recordings during the 5-min baseline before ethanol addition were averaged and normalized to 100%. Statistical significance was assessed using an unpaired or paired two-tailed Student's t-test, a one-way ANOVA with Tukey's post hoc test for multiple group comparisons or a Kolmogorov-Smirnov (K-S) test. Dose-response data were fitted to the logistic equation:
where y is the percentage change, x is the ethanol concentration, α is the slope parameter, and x o is the ethanol concentration, which induced a half-maximal change. CPA/CPP scores were compared by one-way ANOVA or unpaired t-test; values of P < 0.05 were considered significant.
RESULTS
Ethanol activates lateral habenula neurons in juvenile animals
Ethanol induced a concentration-dependent increase in the pacemaker firing of LHb neurons ( Fig. 1a-d ), in 115/131 cells. Firing changes recorded in cell-attached mode or whole-cell current-clamp mode were not significantly different and thus were pooled. Surprisingly, ethanol enhanced LHb firing at low concentrations, with an EC 50 of only 0.7 mM (F 9,111 = 3.7, P < 0.001; Fig. 1c , black dots) and a near-maximal increase to 187 ± 16.7% of baseline with 10.8-mM ethanol (P < 0.001).
Firing returned to baseline levels after washout ( Fig. 1a and b), and repeated applications of ethanol were equally effective (Fig. 1b) . Thus, ethanol produced a reliable and pronounced increase in firing of most LHb neurons. As expected, ethanol depolarized LHb neurons (F 8,64 = 11.9, P < 0.001) concentration-dependently in current-clamp mode, with an EC 50 of 3.5 mM ( Fig. 1d-f ). In contrast, in slices from the same animals, ethanol accelerated firing of DA neurons in the posterior VTA only at much higher concentrations (≥43.2 mM, F 8,89 = 6.5, P < 0.001), with an EC 50 of 27 mM ( Fig. 1c , dark open dot), in keeping with previous reports (Guan et al. 2012) .
Lateral habenula neuron stimulation by ethanol is mediated partly by glutamate receptors
Lateral habenula receives strong glutamatergic synaptic inputs (Lecca et al. 2014; Meye et al. 2013) . To determine whether glutamate receptors are involved in ethanol's action, we compared its effect in the absence and presence of glutamate antagonists: AP5 (50 μM) and DNQX (20 μM) to block NMDA receptors (NMDARs) and AMPA receptors (AMPARs), respectively. These agents lowered the ongoing firing (to 56.4 ± 13.5% of baseline, n = 8, P = 0.014), indicating tonic glutamatergic activation of LHb neurons. Moreover, glutamate antagonists significantly decreased the enhancement of firing induced by 10.8-mM ethanol (to 34.7 ± 8.5% of the effect of ethanol alone, n = 6, P < 0.001; Fig. 1g -i).
Ethanol facilitates glutamatergic transmission in juvenile lateral habenula neurons
We next examined whether ethanol altered glutamate release by measuring the paired-pulse ratio (PPR), observed when pairs of EPSCs are evoked 50 milliseconds apart by local electrical stimulation, in the presence of gabazine (10 μM) and strychnine (1 μM) to block GABA A and glycine receptors. These EPSCs were abolished by DNQX (Fig. 2a) , indicating mediation by AMPARs as in previous studies (Li et al. 2011a; Zuo et al. 2013 ). Ethanol (10.8 mM) enhanced the amplitude of the first EPSC (EPSC 1 ) of each pair (to 140.4 ± 4.0% of baseline, n = 8, P < 0.001; Fig. 2a-c) , but not the second EPSC (EPSC 2 ). Thus, ethanol significantly reduced the PPR (PPR = EPSC 2 /EPSC 1 , to 73.6 ± 3.6% of baseline, n = 8, P < 0.001; Fig. 2b and d) , suggesting enhancement of presynaptic glutamate release onto LHb neurons.
To further investigate the possible changes in glutamate release, we next examined ethanol's effects on spontaneous EPSCs (sEPSCs). In most LHb cells (116/141), ethanol robustly increased sEPSC frequency (10.8 mM: by 203.8 ± 21.8% of baseline; Fig. 2f, h and j) . This effect, also indicated by the increased incidence of shorter intersEPSC intervals (Fig. 2h) , was reversible by washout. Ethanol's action was concentration dependent (F 9,127 = 5.4, P < 0.001; Fig. 2j ) with an EC 50 of 1.4 mM. Ethanol also increased the incidence of larger amplitude sEPSCs (P < 0.001, K-S test; Fig. 2h and j) in a concentrationdependent manner (F 9,127 = 3.7, P < 0.001, EC 50 of 0.4 mM).
We then examined ethanol's action on miniature EPSCs (mEPSCs) recorded in the presence of TTX (0.5 μM). TTX lowered sEPSC frequency (to 60.3 ± 5.1% of pre-TTX baseline, n = 14, P < 0.001; Fig. 2f ) and significantly reduced sEPSC amplitude (to 76.1 ± 6.2% of baseline, n = 14, P < 0.001), indicating the ongoing activity in glutamatergic inputs to LHb cells. Importantly, ethanol (10.8 mM) substantially increased mEPSC frequency (to 171.4 ± 12.1% of TTX baseline, n = 14, P < 0.001; Fig. 2e , f and i) and shifted the cumulative frequency distribution to shorter inter-event intervals (P < 0.001, K-S test). As there was no consistent change in mEPSC amplitudes, ethanol appears to have had no effect on postsynaptic AMPAR function (P > 0.5, K-S test; Fig. 2i ). Finally, in the presence of 100-μM CdCl 2 , a non-selective blocker of voltage-gated calcium channels, ethanol (10.8 mM) robustly enhanced sEPSC frequency (to 206.5 ± 30.4% of CdCl 2 alone, n = 9, P = 0.003; Fig. 2g and k) and amplitude (to 112.6 ± 4.4% of CdCl 2 baseline, n = 9, P = 0.011), suggesting that the action of ethanol was not dependent on voltage-gated calcium channels. Together, these observations indicate that ethanol strongly increases glutamate release.
Dopamine receptors mediate ethanol effects on glutamatergic transmission and neuronal firing D1-type dopamine receptors mediate cocaine-induced enhancement of glutamatergic transmission in LHb (Zuo et al. 2013) . To determine whether D1Rs contribute to ethanol's action in LHb, we recorded firing and mEPSCs in the absence and presence of SCH23390, a D1R antagonist. SCH23390 (10 μM) alone did not alter the frequency of mEPSCs or firing but did reduce ethanol-induced increases in mEPSC frequency (to 33.6 ± 9.3% of ethanol control, n = 14, P = 0.001; Fig. 3b and d) and firing (to 44.6 ± 10.2% of ethanol control, n = 14, P < 0.001; Fig. 3c and d) . In addition, bath application of SKF38393, a D1R agonist, concentrationdependently enhanced mEPSC frequency (F 3,30 = 5.7, P < 0.001; Fig. 3e ). Importantly, after pretreating the neurons with 30-μM SKF38393, the ability of 10.8-mM ethanol to facilitate mEPSCs (P < 0.001) and firing (P < 0.05) was substantially reduced (Fig. 3f and g ).
cAMP inhibition reduces ethanol's effect on glutamatergic transmission in lateral habenula
Because both ethanol and D1Rs activate cAMPdependent signaling within the mesolimbic system (Self 2004) , we examined whether the cAMP-dependent pathway mediated ethanol effects in the LHb. Bath perfusion of Rp-cAMP (10 μM), a membrane-permeable, selective antagonist of cAMP-dependent signaling, alone decreased baseline sEPSC frequency (to 77.3 ± 7.8% of baseline, n = 8, P < 0.05), indicating tonic modulation of glutamatergic transmission by cAMP. In addition, RpcAMP significantly reduced ethanol's effect on sEPSC frequency (to 53.1 ± 7.7% of ethanol alone, n = 7, P < 0.001; Fig. 3h and i) . To determine whether postsynaptic cAMP protein kinase A (PKA)-dependent pathways contributed to the acceleration of sEPSCs, we added to the recording pipette PKI-5-24 (5 μM), a membrane impermeable PKA antagonist. Under these conditions, ethanol (10.8 mM) still robustly increased the mean sEPSC frequency (to 204.6 ± 35.3% of baseline, n = 12, P = 0.007; Fig. 3j and k); this effect was not different from that recorded with the control internal solution (to 203.8 ± 21.8% of baseline, n = 18, P = 0.98 comparing with and without PKI; Fig. 3k ). Direct activation of adenylyl cyclase with bath-applied forskolin (10 or 30 μM, 10 min) increased the frequency of both sEPSCs and firing (Fig. 3l) . In addition, forskolin-induced facilitation on firing was substantially attenuated in the presence of glutamate receptors antagonists DNQX and AP5 (from 152.5 ± 16.9 to 87.6 ± 5.1% of baseline, P = 0.007; Fig. 3m ). Ethanol-induced (10.8 mM) facilitation of sEPSCs and firing was significantly attenuated in the presence of forskolin (Fig. 3n and o) . Together, these results support the idea that ethanol-induced facilitation of firing and glutamate release was partially mediated by the activity of presynaptic cAMP-dependent signaling pathways.
Ethanol and a D1 receptor agonist also stimulate the lateral habenula in adolescent and adult rats To determine whether the effects of ethanol and a D1R agonist in the LHb might change with development and our results in Figs 1-3 were from juvenile rats (PN20-30), we studied LHb cells in slices from adolescent (PN35-45,~80 g) and adult (PN90-110,~300 g) rats. Acute ethanol (10.8 mM) caused a similar acceleration of firing in slices from adolescents (to 169.9 ± 10.4% of baseline, n = 18) and adults (to 174.1 ± 20.2% of baseline, n = 12, P = 0.8, adolescents versus adults) and a similar increase in mEPSC frequency (adolescent: to 161.8 ± 13.4%, n = 12; adult: to 171.4 ± 17.6%, n = 11; P = 0.67, adolescents versus adults). Likewise, applications of SKF38393 (10 μM) similarly elicited an acceleration of firing in slices from adolescents and adults (to 137.7 ± 6.2% of baseline, n = 9 for adolescent slices; to 135.7 ± 6.6% of baseline, n = 9 for adult slices; P = 0.8, adolescents versus adults) and mEPSC frequency (to 177.8 ± 12.8%, n = 12 for adolescents; to 166.9 ± 12.9%, n = 18 for adults; P = 0.57, adolescents versus adults). These data suggested that ethanol's effect on LHb neurons do not change during development.
Ethanol increases c-Fos protein expression in the adult lateral habenula
Since ethanol enhanced LHb activity in vitro, we looked for a comparable effect in vivo by measuring c-Fos expression in the LHb. As shown in Fig. 4 , c-Fos positive neurons were observed between À3.0 and À4.5 mm from bregma, and we counted all the labeled cells across the entire LHb in each section and expressed data as means ± standard error of mean of positive nuclei per square millimeter. LHb c-Fos was significantly elevated 1 hour after a single injection of ethanol (0.25 or 2 g/kg i.p., n = 5-7 rats/group) (F 2,14 = 24.6, P < 0.001 compared with saline controls), suggesting that systemically administered ethanol also activates LHb neurons in vivo.
Place conditioning with ethanol in adults rats
To assess the possible behavioral relevance of ethanol's effect on LHb activity in vitro, we next examined the contribution of LHb activity to the acquisition of ethanolinduced CPA or CPP in adult male SD rats (Materials and Methods section). We first determined whether rats could develop a CPA or CPP when ethanol administration [12.5% (v/v); 0.25, 0.5, 1, or 2 g/kg, i.p., n = 12-13 rats/group] was paired with the rat's location in a particular chamber. Control rats, initially 'conditioned' with saline injections (2 ml/kg i.p., n = 13), showed no preference for either chamber on the test day (Fig. 5a) , confirming the validity of the counterbalancing procedure. In strong contrast, 4 days of conditioning with 0.25-g/kg ethanol led to CPA, while conditioning with 2.0-g/kg ethanol led to CPP (F 4,58 = 9.7, P < 0.001; Fig. 5a ).
Influence of neuronal activity and D1-type dopamine receptors in the lateral habenula on the acquisition of ethanol-induced place conditioning
Having discovered that ethanol enhances LHb activity in vitro via D1Rs (Fig. 3) , we hypothesized that this mechanism may contribute to ethanol place conditioning. We therefore microinjected various agents into the LHb bilaterally 10 minutes before the systemic administrations of ethanol or saline in place conditioning sessions. Thus, we injected AMPA or SKF38393 to activate LHb neurons, and lidocaine or SCH23390 to reduce ethanol-induced activation of LHb neurons. To determine whether these compounds alone would have any effect on place preference, in a separate group of ethanol-naïve rats, a given compound was infused into the LHb 10 min before the rat was placed in one chamber in the morning, and aCSF was infused into the LHb 10 min before the rat was placed in another chamber in the afternoon. As shown in Fig. 5c , activating LHb neurons by AMPA administration without ethanol pairing can produce significant CPA in ethanol-naive animals (P = 0.027), but inactivating LHb with lidocaine had no significant effect on place preference. Correct cannula placement was confirmed after all experiments (Fig. 5b) (Paxinos and Watson, 2007) . The cannula tips of 7/132 rats were located outside of the LHb, and therefore, the corresponding data were excluded from analysis.
Given the role of the LHb in promoting aversion, our working hypothesis was that lowering LHb activity would reduce acquisition of ethanol-induced CPA. Indeed, inhibiting LHb activity with lidocaine, or blocking LHb Figure 4 One hour after systemic ethanol injection, c-Fos expression in lateral habenula is much increased. Upper: bright field photomicrographs illustrating c-Fos expression in lateral habenula after injections of saline, or 0.25-or 2-g/kg ethanol. Numbers at the left indicate the distance from bregma (mm). Scale bar = 200 μm. Lower: mean numbers (±standard error of mean) of c-Fos positive cells per square millimeter of tissue (n = 5-7 rats/group). ***P < 0.001, one-way ANOVA D1Rs with SCH23390, prevented the development of CPA induced by 0.25-g/kg ethanol (lidocaine: P = 0.006; SCH23390: P = 0.009; Fig. 5d ), and these agents actually enhanced CPP produced by 2-g/kg ethanol (lidocaine: P = 0.042; SCH23390: P = 0.04; Fig. 5e ). By contrast, AMPA or the D1R agonist SKF38393 significantly attenuated CPP produced by 2.0-g/kg ethanol (AMPA: P = 0.024; SKF38393: P = 0.004; Fig. 5e ), which presumably reflects the increased aversive effects of ethanol after LHb activation (Stamatakis et al. 2013) . Taken together, these results suggest that neuronal activity and D1Rs within the LHb can strongly regulate ethanol-related conditioned behaviors (Fig. 6) .
DISCUSSION
We report here the first electrophysiological evidence that ethanol accelerates the firing of LHb neurons in epithalamic slices from juvenile or adult rats by enhancing glutamate release, an action partly mediated by D1Rs and presynaptic cAMP signaling. Accordingly, systemic administration of ethanol increased c-Fos expression in the LHb in vivo. Importantly, in concurrence with our in vitro findings, inhibiting LHb activity or D1Rs suppressed ethanol-related CPA and enhanced place preference, whereas stimulating AMPARs or D1Rs in the LHb suppressed ethanol-related place preference. Figure 5 Lateral habenula (LHb) neuronal activity and D1-type dopamine receptors (D1Rs) regulate the acquisition of ethanol-conditioned place aversion (CPA) and preference (CPP). (a) Preference score was defined as the difference (in seconds) between the time spent in drugpaired chamber on the testing day and the time spent in the same chamber during the pre-conditioning session. After 4 days of conditioning with 0.25-g/kg ethanol, time spent in ethanol-paired chamber on the testing day was significantly decreased but was greatly increased on the test day after previous place conditioning with 2-g/kg ethanol. *P < 0.05, one-way ANOVA. (b) Schematic of injection sites. Red dots represent the locations of injector tips. Numbers at the right indicate the distance from bregma (mm). (c) In control rats, LHb activation by local aminomethylphosphonic acid (AMPA) (glutamate agonist) injections produces CPA, but inactivating LHb neurons by lidocaine or the D1R antagonist SCH23390 had no effect on place preference. (d, e) By contrast, in rats conditioned with ethanol, LHb infusions had significant effects: CPA induced by low doses of ethanol (0.25 g/kg) was reversed to CPP after LHb infusions of lidocaine or D1R antagonist SCH23390 (d), whereas CPP induced by high doses of ethanol (2 g/kg) was suppressed by LHb infusions of these blockers but was strikingly enhanced by LHb infusions of AMPA or D1R agonist SKF38393 (e). # P < 0.05, ## P < 0.01, unpaired t-test for AMPA, SKF3839 or SCH23390 versus vehicle application Low concentrations of ethanol robustly activated most lateral habenula neurons Our finding that ethanol enhanced LHb activity with an EC 50 of 0.7 mM is perhaps unexpected, because ethanol can stimulate VTA-DA neurons (Brodie et al. 1990) and LHb activity in vivo tends to be the inverse of that of midbrain DA neurons during aversive and rewarding states (Matsumoto and Hikosaka 2007) . Interestingly, the concentration response curve is essentially flat from 1 to 86 mM, even though this is the pharmacologically relevant concentration range. While the underlying mechanism requires further investigation, one possible interpretation is that the LHb neurons are very sensitive to ethanol, perhaps owing to the need to detect and signal aversion to what might be a toxin, and thus at 1 mM ethanol already had near maximal effects. By contrast, at low concentrations, ethanol had no effect on posterior VTA-DA neurons in vitro (Fig. 1c) , in agreement with previous reports that only higher ethanol concentrations (>40 mM) increase VTA-DA neuron firing in brain slices (Brodie et al. 1990; Guan et al. 2012) . We demonstrated that ethanol-induced increase in glutamate release in the LHb is mediated by D1Rs. Although we do not know where the DA was coming from during in vitro experiments, the LHb receives dense projections from midbrain DA neurons (Gruber et al. 2007 , but see Root et al. 2015) and has a significant amount of DA (Phillipson and Pycock 1982) . In addition, there is evidence from other brain regions such as the nucleus accumbens that there can be some ongoing DA release in brain slice. For example, that cocaine in vitro can acutely modulate evoked glutamate currents in a DA-receptordependent manner (Nicola et al. 1996) . Also, DA release in some terminal regions can occur independently of DA neuron activity, including through activation of glutamate receptors (Floresco et al. 1996) . It is also important to understand the relationship between ethanol concentrations that enhance LHb activity in vitro and brain ethanol levels after various systemic injections. According to a previous study (Yoshimoto and Komura 1993) , 40 min after 0.5-g/kg ethanol i.p. injections, brain ethanol levels peak at 5 mM; therefore, 0.25-g/kg injections should yield brain ethanol levels of~2-3 mM, a concentration that sharply enhanced LHb activity in vitro and also strongly increased c-Fos expression in the LHb in vivo (Fig. 4) .
Ethanol-induced lateral habenula excitation was mediated by glutamate receptors, D1-type dopamine receptors and cAMP Lateral habenula neurons receive many glutamatergic inputs (Lecca et al. 2014) , which can promote aversive conditioning (Root et al. 2014) . Here, the glutamate receptor blockers DNQX and AP5 substantially attenuated the ethanol-induced acceleration of LHb firing, and ethanol significantly increased presynaptic glutamate release. However, as DNQX/AP5 did not completely abolish the ethanol enhancement of LHb firing, other mechanisms may also be involved.
D1-type dopamine receptors have been found in the LHb (Weiner et al. 1991) , but so far, there is no direct evidence that D1Rs are expressed in glutamatergic afferents to the LHb. Here, we found that inhibiting D1Rs blocked about half of ethanol's enhancement on LHb firing and mEPSC frequency. This suggests that D1Rs may be located on the presynaptic glutamatergic terminals in the LHb, as observed in other brain regions (Xiao et al. 2009 ). Interestingly, inhibiting D1Rs in vivo completely suppressed CPA produced by low doses of ethanol and Figure 6 Cartoon demonstrating that ethanol and dopamine 1 receptor (D1R) can interact to regulate glutamate (Glut) release in the lateral habenula (LHb) and modulate place conditioning. With lower doses of ethanol (0.25 g/kg), the primary effect of ethanol was to stimulate LHb neuron activity in a Glut-dependent manner via D1Rs, which mediated the development of conditioned place aversion (CPA) to ethanol. At higher doses of ethanol (2 g/kg), ethanol activated the LHb and ventral tegmental area dopamine (VTA-DA) neurons, which we propose then mediates the observed ethanol conditioned place preference (CPP). Activation of LHb with 2-g/kg ethanol also provides a conditioned aversion that decreases the level of CPP enhanced CPP caused by higher concentrations of ethanol. Taken together, our in vitro observations suggest that even partial block of ethanol's action by D1R inhibitors can significantly alter the development of ethanol place conditioning in vivo. We also note that the inhibition of ethanol-induced glutamate release by D1R antagonists was partial, while antagonists of cAMP signaling had a greater inhibition of the ethanol enhancement of glutamate release. Thus, it is possible that ethanol may also interact with other receptors that activate cAMP signaling, such as β-adrenergic receptors (Ferrero et al. 2013) , to enhance glutamate release within the LHb. In addition, the LHb contains both D1Rs and D2-like receptors (Wamsley et al. 1989) . D2-family receptors mediate cocaine-related LHb excitation and aversive conditioning (Jhou et al. 2013 ) and cue-induced reinstatement of nicotine-seeking behavior (Khaled et al. 2014) . Here, we focused on D1R regulation of LHb and ethanol-related behaviors, because in vitro studies found that D2Rs can either inhibit (Jhou et al. 2013; Maroteaux and Mameli 2012) or excite LHb activity Zuo et al. 2013) . Future studies are needed to clarify the behavioral roles of LHb D2Rs.
In agreement with previous reports that ethanol and D1Rs can activate PKA signaling (Self 2004) , we found that the ethanol-induced increase in glutamate release was mediated in part by enhanced cAMP-dependent activity. This may have occurred within presynaptic glutamatergic terminals, because PKA inhibition within postsynaptic cells did not inhibit ethanol's enhancement of sEPSC frequency (Fig. 3k) . It is also possible that D1R and cAMP-dependent effects occurred through postsynaptic activation of cAMP pathways without the involvement of PKA, although an effect on glutamate release could suggest that a presynaptic action of cAMP is perhaps more likely.
Behavioral implications of ethanol's action on lateral habenula activity
The aversive effects of ethanol are associated with many factors, such as species, age, sex, drug dose and drug history (Riley 2011) . It is reported that after acute ethanol administration, especially in naive users, people often have cognitive impairment and feel anxiety and panic. If the user fails to have a positive, euphoric experience and, even worse, is sensitive to ethanol's aversive effects, it may act as a limiting or protecting factor against continued consumption, especially by suppressing formation of a conditioned reward for ethanol. The LHb is considered critical for a conditioned aversive memory (Tomaiuolo et al. 2014) and lesioning or inactivating the LHb impairs aversion memory (Goutagny et al. 2013; Lecourtier et al. 2004) . It is also interesting that low and high concentration of ethanol similarly activated the LHb, measured using c-Fos, but induced opposite preference behavior; CPP with higher ethanol concentrations (>1.5 g/kg) has been reported by others (Groblewski et al. 2008; Morales et al. 2012) . Ethanol at 0.25 g/kg should give a blood level of about~2-3 mM (Yoshimoto and Komura 1993) at which stimulation of LHb firing approaches a ceiling effect; conversely, ethanol-related conditioned reward at higher concentrations of ethanol may involve the activation of VTA-DA neurons (Brodie et al. 1990 ). Ethanol at 2.0 g/kg gives a blood level of~38 mM (Yoshimoto and Komura 1993) , close to the EC 50 for VTA-DA cells. Thus, the marked difference in ethanol sensitivity between LHb and the VTA-DA neurons may contribute to the opposing behavioral consequences. Interestingly, a previous study failed to find CPA/CPP for ethanol at 0.3 g/kg i.p. in adult male SD rats (Matsuzawa et al. 1998 ). The discrepancy between these results and our findings probably reflects the differences in conditioning sessions, because differences in session duration can affect the development of ethanol-CPP/CPA (Wrobel 2011) .
D1-type dopamine receptors within many brain regions can mediate aversive associative learning (Katche et al. 2013) . Here, inhibiting LHb neuronal activity or blocking LHb D1Rs completely abolished CPA induced by low concentrations of ethanol (0.25 g/kg), in agreement with our finding that D1Rs mediate ethanol's action on LHb in vitro and that low dose of ethanol induced c-Fos expression. This also concurs with a recent report that lesioning the LHb results in faster recovery from taste aversion to a low ethanol dose (0.7 g/kg) (Haack et al. 2014) . Furthermore, inhibiting LHb activity or D1Rs actually increased the ethanol-CPP produced by a higher ethanol concentration (2 g/kg), while LHb activation with AMPA or D1R agonists suppressed this ethanol CPP. Notably, exciting a LHb neuron with AMPA but without ethanol pairing can produce CPA as well, further confirming that LHb is involved in aversive processes. Taken together, our findings underscore the importance of LHb in ethanol-related CPA and CPP. Because conditioning to ethanol may contribute to ethanol addiction (Little et al. 2005) , our results suggest that LHb could be a promising target for novel therapeutic interventions.
CONCLUSION
We provide here several lines of new information about the impact of ethanol on the LHb. Low ethanol concentrations, acting through D1Rs and cAMP-dependent signaling pathways, enhanced LHb activity by increasing glutamate release from excitatory synaptic inputs. Both LHb activity and D1Rs were also critical for developing ethanol CPA. Collectively, these data suggest that LHb neurons encode the aversive effects of ethanol, which may prevent the development of ethanol addiction and thus represent a pivotal element in the neurobiological processes underlying ethanol addiction. Manipulating LHb activity, including through D1R and glutamate receptors, may be of therapeutic value in the prevention and treatment of alcohol abuse.
